P osterior lumbar interbody fusion (PLIF) has resulted in satisfactory outcomes for the treatment of unstable lumbar degenerative disorders. In the last decade the number of patients who underwent PLIF significantly increased.
loss during spine surgery. 7 Tranexamic acid (TXA; Daiichi Sankyo Co.) is a synthetic antifibrinolytic drug that competitively blocks the lysine binding sites of plasminogen, plasmin, and tissue plasminogen activator. TXA can delay fibrinolysis and blood clot degradation. 5 Several reports have described the use of TXA in spine surgery without an increase in the risk of postoperative complications, including thromboembolism. 12, 13 However, previous studies had limitations in terms of different TXA dose regimens, different levels and numbers of fused segments, and different surgical techniques. Therefore, in this study, TXA dose regimens, surgical techniques, and fused segments were strictly limited. The purpose of this study was to evaluate the efficacy of high-dose TXA in reducing blood loss and its safety during single-level PLIF.
Methods

Study Design and Patient Population
This study was a nonrandomized case-controlled trial. We evaluated 60 consecutive patients who had experienced lumbar degenerative disease and had failed conservative treatment between April 2013 and March 2015. All patients underwent single-level PLIF. The patients were divided into 2 groups based on whether they received TXA or not. Between April 2013 and June 2014, the procedure without TXA was performed on 30 patients (control group), and between July 2014 and March 2015, the procedure with TXA was conducted on another group of 30 patients (TXA group). This study was approved by the research ethics committee of Osaka Rosai Hospital.
Patients with chronic renal failure, cirrhosis of the liver, chronic heart failure, allergy to TXA, history of thromboembolic disease, bleeding disorders, hypercoagulation status, disseminated intravascular coagulation, those undergoing revision surgery, and those receiving antiplatelet and/or anticoagulant drugs were excluded.
Drug Dose
A dose of 2000 mg of TXA was given as a single-bolus loading dose intravenously over 15 minutes before the skin incision was made. The same single-bolus dose was given again 16 hours after the surgery. It was reported that the plasma concentration of TXA was maintained during the first 16 hours after administration, although the blood half-life of TXA is reported to be 2 hours.
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Surgical Technique
All procedures were performed by 5 certified orthopedic spine surgeons who had more than 10 years of experience with the timing of PLIF. All PLIF procedures were performed using the same technique, as described elsewhere. 8 Briefly, PLIF was performed using the pedicle screw system with Expedium (Depuy Acromed) and local bone grafting with Brantigan interbody fusion cages (Depuy Acromed). Bilateral total facetectomy was performed to prevent excessive retraction of the neural elements during discectomy and bone grafting and to achieve an extensive bone graft area and a large amount of bone graft in the disc space. 8 In all cases, autografting was performed using local laminae. The posterior iliac crest was not harvested, and posterolateral arthrodesis was not performed at any level. An intraoperative blood cell salvage system was used, and all autologous blood was transfused during the surgery. A negative-pressure suction drain (3.5-mm SB Vac; Sumitomo Bakelite) was placed. The drain was routinely removed 40 hours after the operation.
All patients wore compression stockings on both legs during bed rest, and a foot pump was used for both legs. No patient received chemoprophylaxis against venous thromboembolism during or after surgery. Hypotensive anesthesia techniques were not used in this study. Nonsteroidal antiinflammatory medication was discontinued at least 24 hours before surgery.
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Assessment and Statistical Analysis
Postoperative blood loss was calculated every 2 hours for 40 hours. Total blood loss was calculated as the sum of intraoperative and postoperative blood loss. Blood tests were routinely performed preoperatively and on the first postoperative day. Hemoglobin (Hb), platelets (PLTs), prothrombin time-international normalized ratio (PT-INR), and activated partial thromboplastin time (aPTT) were evaluated. Operative time was also measured and perioperative complications were surveyed. Statistical differences between the two groups were compared using the Student t-test, Welch's t-test, or the Mann-Whitney U-test for continuous variables and the chi-square test of independence or Fisher's exact probability test for categorical variables. A p value < 0.05 was considered statistically significant.
Results
The patient characteristics over the study periods are shown in Table 1 . There were no statistical differences in preoperative parameters of age, sex, body mass index (BMI), or diagnosis. The preoperative Hb, PLT, PT-INR, and aPTT were not significantly different between the groups (Table 2 ). Significant differences were not noted in the operation time between the groups. The TXA group (mean 253 ml) had significantly less intraoperative blood loss compared with the control group (mean 415 ml, p < 0.01; Table 3 ). Intraoperative blood loss in the TXA group was reduced by 39% compared with the control group. The TXA group also had significantly less postoperative blood loss over 40 hours (mean 321 ml) compared with the control group (mean 668 ml; p < 0.01). Postoperative blood loss in the TXA group was reduced by 52%. The total blood loss in the TXA group (mean 574 ml) was significantly lower than that in the control group (mean 1080 ml; p < 0.01). Total blood loss in the TXA group was reduced by 46% ( Table 3 , Fig. 1 ). From 2 hours to 40 hours, postoperative blood loss in the TXA group was consistently significantly lower than that in the control group (Fig.  2) . No obvious difference between surgeons was detected in the operating time and the amount of blood loss.
No patient required allogeneic blood transfusion during or after the surgery in either group. Hb and PLT levels on the first postoperative day were higher in the TXA group than in the control group (Table 4 ). There were no serious perioperative complications such as the formation of epidural hematoma, deep vein thrombosis, pulmonary embolism, allergic reaction, liver or kidney failure, or cardiopulmonary complications in either group. No minor complications such as headache, nausea, vomiting, or diarrhea associated with the use of TXA were recorded.
Discussion
The results of this study have revealed that high-dose TXA (2000 mg) decreases both intra-and postoperative blood loss when used during and after single-level PLIF without causing any side effects. TXA has been used widely for many surgeries, and many positive effects on blood loss have been reported, but a concern about the relationship between the use of TXA and thromboembolic events remains unclear. In this study, there were no thromboembolic events with TXA, similar to previous studies. 1, 6, 14 It is speculated that administration of TXA did not increase the risk of thromboembolism because TXA reduces blood loss by deactivating the fibrinolytic system, not by activating the coagulation cascade.
According to previous reports, TXA dose regimens for spine surgeries vary widely. A relatively low dose of TXA has been reported to reduce only postoperative blood loss. Tsutsumimoto et al. 12 reported a study of TXA use in cervical laminoplasty in which study participants received a relatively low dose (15 mg/kg) of TXA. Postoperative blood loss in the TXA group was reduced by 26% as compared with the control group. Wang et al. 13 reported a study of TXA use in patients undergoing L2-S1 pedicle screw fixation combined with L4-S1 PLIF who received a relatively low dose (15 mg/kg) of TXA. Postoperative blood loss in the TXA group was reduced by 13% compared with the control group. However, in these studies, intraoperative blood loss in the TXA group was not statistically different from the control group. In contrast, relatively high-dose TXA has been reported to reduce both intraoperative and postoperative blood loss. Elwatidy et al. 3 reported a study of TXA use in various spine surgeries among various patients who received a relatively high dose of TXA: 2000 mg for adults or 30 mg/kg for children, followed by continuous infusion of 100 mg/ hr for adults or 1 mg/kg/hr for children during surgery, and for 5 hours after the operation. Intraoperative blood loss in the TXA groups was reduced by 49% and postoperative blood loss in the TXA group was reduced by 55% compared with the control group. The patient population in their report was mixed: the ages of the patients ranged from children to elderly people, diseases varied, and patients underwent various types of surgical procedures.
Previous studies had limitations in terms of different TXA dose regimens, different levels and numbers of fused 
FIG. 1. Bar graph showing intraoperative and postoperative blood loss.
The TXA group demonstrated significantly less intraoperative blood loss compared with the control group (p < 0.01). The TXA group also had significantly less postoperative blood loss over 40 hours compared with the control group (p < 0.01). Total blood loss in the TXA group was significantly lower than that in the control group. *p < 0.05.
segments, and different surgical techniques. The present study included only patients with surgery performed at the same level and with the same fusion technique. The mean age of each group was likewise almost the same as at primary surgery, so various biases such as age and technical factors could be excluded; thus, the results were very precise. Total blood loss of 1080 ml in the control group cannot be regarded as a small amount for elderly patients. An intra-and postoperative blood loss negatively affects patient outcomes in various ways. Therefore, surgeons should make the best effort to decrease both intraoperative and postoperative blood loss.
In the present study, the total amount of blood loss could be reduced by 46% by administration of high-dose TXA during and after PLIF without causing any side effects. The lower the perioperative blood loss, the more advantages for the patients. Less perioperative blood loss contributes to a safe surgery, quick recovery, and patient satisfaction. Administration of high-dose TXA to minimize perioperative blood loss has clinical importance and we strongly recommend spine surgeons use TXA during and after PLIF.
The present study has several limitations. First, this is not a double-blind randomized control trial. However, the dose of TXA, surgical techniques, and number of fused segments were strictly limited to make the present study an extremely precise case-control trial. Second, because of the low incidence of perioperative complications, the number of patients may not be enough to examine complications. Further research is required to examine the incidence of complications. The findings of this study should facilitate further research on TXA use in PLIF to determine optimal dose regimens and to survey perioperative complications.
Conclusions
This study showed that administration of high-dose TXA during and after single-level PLIF could reduce both intraoperative and postoperative blood loss without causing any side effects. Data presented as means ± standard deviations unless otherwise indicated. * Study groups compared using the Student t-test.
